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Magnetic polaron conductivity in FeCr,S, with the colossal magnetoresistance effect
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The magnetic and electrical transport properties of the colossal magnetoresistance matesa| &eCr
studied. Low-temperature thermoelectric power and resistivity measurements indicate that magnetic polarons
dominate the conduction behavior at temperatures aBg¥&". The temperature dependence of the suscepti-
bility x, measured from 4.2 to 400 K, suggests that E8Cis ferrimagnetic. Then the micromagnetism of
FeCrS, is further investigated by electron-spin-resonance measurements from 100 to 290 K, which reveal that
the paramagnetic-ferrimagnetic transition is incomplete and that a paramagnetic phase coexists with a ferri-
magnetic phase in a certain temperature range balgi##'. Accompanying the paramagnetic-ferrimagnetic
phase transition, magnetic polarons may delocalize gradually into the naked carriers. The resistivity in the
presented temperature range can be described in terms of the two-fluid model concerning the coexistence of
magnetic polarons and naked carriers.

Hole-doped manganite perovskites have become the focdild-cooling (FC) and zero-field-cooling(ZFC) sequence
of scientific and technological interest in the past severaunder an applied field of 0.01 T, which is shown in Figa)l
years, because they exhibit colossal magnetoresistandes seen from theM — T curve,M increases with decreasing
(CMR) effects!™ A number of studies on these materials temperature, and then increases abruptly ﬁéﬁﬁe%l?S K)
revealed that the spin, the charge, and the lattice in this systue to the paramagnetic-ferromagngf®iM-FM) transition.
tem are strongly correlated. Within the framework of double-The Curie temperaturg, (168 K) is defined as the tempera-
exchangeDE) and Jahn-TelletJT) polarons, the CMR ef-  ture corresponding to maximum ¢dM/dT|. In manganite
fect in this system can be explained qualitativéTy. perovskites, the decrease of magnetization with decreasing

Up to now two other CMR materials have beentemperature may be indicative of the presence of magnetic
discovered—FeGS,, with a spinel structure, and Mn,O;,  order frustration or a transition into a spin-glass phase.
with a pyrochlore structurg!® Because the magnetotransport
behaviors of FeGf, and manganite perovskites are quite
similar, one might expect to apply the DE theory and JT | = . (a)
polaron mechanism to explain the CMR effects in F&gr 8 Fc ™

However, FeGiS, differs both structurally and electronically S
from the manganite perovskitésln FeCgS,, there is nei- E
ther heterovalence nor a JT polaron. Moreover, there is no 2
appreciable structural discontinuity around the Curie tem- =
peratureT .. These facts strongly imply that FeSy belongs ol
to a class of CMR system with a different underlying mag-
netoresistance mechanism. 0 100 200 300 400
FeCrS, was widely studied in the 19708 but its T (K)
CMR effects did not receive as much attention them this
work, we perform resistivity, thermoelectric power, magne-
tization, and electron-spin-resonance measurements to study
systematically the magnetic transport and CMR mechanism
in this material. Our results suggest a magnetic polaron
model for high-temperature conduction behavior. In a certain
temperature range beloW?"*®, magnetic polarons coexist
with naked carriers. Thus the resistivity can be reasonably
explained within the framework of a two-fluid model. K
The polycrystalline FeG8, samples were prepared by 200 300 200
standard solid-state synthesis metfiofihe power x-ray- T (K)
diffraction pattern showed that all observed peaks could be
indexed with a cubic cell witha=0.999417)nm, and a FIG. 1. (a). Temperature dependence of the magnetizatdn (
space groufrd3m.*® ~T) in FC and ZFC sequences respectivély. Temperature de-
The magnetizatiotM) measurements in the temperature pendence of the paramagnetic susceptibilitgs a plot of 1y vs
range from 4.2 to 400 K were performed using a supercontemperature. The solid line is a fit to Ed,), with parameters given
ducting quantum interference device magnetometer in i the text.
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W FIG. 3. Resistivity p and magnetoresistance MR[p(0)

N 100 K —p(H)1/p(0), vs tenperature for FeGfE,. The inset shows the
—" o~ curve of Inp vs 10007
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H(G) thought to originate from Fe and/or Cr ions. Beld@*®, as

seen from Fig. 2, a ESR signal withgafactor near 2 still
FIG. 2. ESR spectrum at different temperatures between 10@xists in the temperature range froT@”SEtto 155 K, which

and 290 K.T marks the PM peak, andmarks the FMR peak. indicates that the PM-ferrimagnetic transition is incomplete,

and that the PM phase may coexist with the ferrimagnetic
On the other hand, in a ferrimagnet, the above phenomenghase. Clearly, the ESR spectrum splits, as shown in Fig. 2,
can also be attributed to spin-reorientation transitfdns. and the splitting peakshigher- and lower-field splitting
Then, in order to clarify the magnetism in Fe8y, it is  peaks, marked by A”) are separated from the PM signals.
necessary to investigate the paramagnetic susceptibility. Thehe original PM peak is broadened gradually as the tempera-
temperature dependence of the paramagnetic susceptpilityture is lowered, and eventually vanishes at about 125 K. The
is shown in Fig. 1b) as a plot of 1y versus temperature, splitting peaks shift toward lower and higher fields with de-
which is similar to the results reported by Srinivasan andcreasing temperature, respectively. In a single-crystal
Seehr&! According to the physics of ferrimagnetism, as sample, the shape of the sample and the direction of the
Srinivasan and Seehra pointed out, the temperature depefiragnetic field may determine whether the shift is positive or
dence of the paramagnetic susceptibiltyan be described negative?® However, in our case, these effects of the powder
by Eq. (1) (Refs. 21 and 2R sample have been averagédrhus the two splitting peaks

reflect the antiparallel magnetic moment between the Fe and

Ez I+ 1 (1) Cr sublattices. Because the moment of the Cr sublattice is
x C xo T—-90 larger than that of the Fe sublattice, the moment of the Cr

sublattice is likely to be parallel to the applied field. Hence
the internal field of the Cr sublattice may cause its ferromag-
netic resonancéMR) line shift to lower fields, which forms
the left branch peaks. So does the Fe sublattice, though it is

Herexg, C, o, and@ are fitting parameters. The fit results of
x are shown as the solid line in Fig(d), with =167
(%£3), 0=3818(x50), 1ko=130(x2), and C=1.50
(%£0.02). Clearly, the experimental result fits Ed) well antiparallel and forms right branch peaks.

except neail, indicating that the sample is a ferrimagnet.  The resistivity measurements were performed using a

As is known, at temperatures near and abdye there is  giandard four-probe method in the temperature range from
strong short-range magnetic correlation in system; thus the

system is not in an ideal PM state, and the fit of 8¢ .is not 350
good nearT,.. According to Nel's two-sublattice mode¥

both the Fe sublattice and Cr sublattice are ferromagnetic, e
while the magnetic moment of the Fe sublattice is antiparal- 3300¢
lel to that of the Cr sublattice due to the magnetic coupling a’:

between these two sublattices. 250L e -
Here we further investigate the micromagnetism of -

FeCpS, by the electron-spin-resonanc&SR measure-

ments. The ESR spectra of the powder sample were recorded 200

from 100 to 290 K in a Brucker ER200D spectrometer at 9.4

GHz, as shown in Fig. 2. At temperatures abdyé>*'(173

K), only one ESR signal is observed, wighfactor near 2, FIG. 4. Thermoelectric powetS) vs temperature for Feg3,.

which is marked by the dark arrow. The signal can beThe dark real line inb) is fitted by S=(kg/e)(a+Eg/kgT).
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4.2 to 300 K under three different applied fields 3, and 5 resistivity decreases drastically at this point, and the system
T). The resistivity p, and magnetoresistance MR[p(0)  should change completely to one of thermal activation trans-
—p(H)]/p(0), as afunction of temperature are shown in port of naked carriers. However, the resistivity decreases
Fig. 3. Bothp and MR, display a peak neaf2™®. The gradually with temperature from2"™*'to T,, and MR also
maximum of MR, is 16%. The temperature corresponding to€xtends to a broader temperature range belg¥* (as seen
the minimum resistivity in thep~T curve belowT, is de- ~ from Fig. 3. This indicates that magnetic polarons may still
fined asT,;(=153K). It is interesting thafl; is just the €xistin this temperature range. It is noted in Fig. 2 that ESR
temperature corresponding to ESR spectra splitting. As seef{gnals withg factor near 2 also exist in the temperature
from the inset of Fig. 3, the curve of nversus 10007 is  fange fromT, to T.°". This indicates that a PM state still

linear at bothT >To"*tand T<T, , indicating a semiconduc- exists at this temperature range, which provides a survival
torlike behaviorc in  two rle’gions The fits byp environment for the magnetic polaron. Magnetic polarons

— pnex ive the activation energies = 26 meV for will be deloca!ized gradually as the PM phase Weak_ens.
ngl'l pfgi/(l;B;)_|347 meV for T TOnset gr;?pectively This They then vanish completely &, denoting that magnetic
’ C ’ .

implies that the conduction mechanisms are different for th order destroys the environment for magnetic polarons. Thus
P . She resistivity in the temperature range could be attributed to
two temperature regions.

- . two factors: the thermal activation effect and the transport of
E,>E, indicates clearly thaEy , the activated energy at . N
onset ) . magnetic polarons. Thus the resistivity in the presented tem-
temperatures abovE; """, does not arise from a simple ther-

. : erature range can be described in terms of a two-fluid model
mally activated effect. In order to understand the dl_screpanc oncerning the coexistence of magnetic polarons and naked
bsetweenEL andEy, wehp_erforr]med a t'f;_erm40ellzc_ec_tr|c p;]ower carriers. An external magnetic field will increase the ferri-

( ).measulr(cajmenlt), V& 'ﬁ /'S shown /'E '9'24 ' |tt;)ng.t (29 ex'magnetic order, and inhibit the formation of magnetic pol-
perimental date b= (kg/€)(a+Es/kgT),™ we obtain 23 5,15 thus MR extends to a broader temperature range be-
meV for Eg, which is approximately equal to 26 meV for low TOnset

E,., and much lower than 47 meV fdg,. In manganite c

. ; In conclusion, the magnetic and transport properties of
pgrovskltes, the discrepancy betyvd:‘eg andEy can be at- FeCkS, are studied in detail. The experimental results for
tributed to the presence of lattice or magnetic polarons

. . . ..._thermoelectric power measurement suggest a magnetic po-
However, in our case, as there is neither a structure transition b 99 9 P

. o aron conduction at temperatures ab@@8*®. The tempera-
aroundT nor a JT effect, the polarons mainly exist in the ture dependence of the ESR signal indicates that a PM phase
form of magnetic polaron®. P 9 p

coexists with a ferrimagnetic phase in a certain temperature

It can be seen in Fig. 2 that the sample is in a typical PM . onset .
state at temperatures abolg™®, which is favorable for the range just belowf ;, and suggests that magnetic polarons
may coexist with delocalized carriers in that temperature

existence of magnetic polarons. As we know, a magnetic . e
: . . range. Accordingly, the resistivity in the presented tempera-
polaron is a carrier coupled by short-range magnetic correl

. o ) %ure range can be described in terms of a two-fluid model
tion within a magnetic cluster at temperatures ab®&*" 9

. . ; . concerning the coexistence of magnetic polarons and naked
Accordingly, the effective mass of a magnetic polaron in- 9 g P

; ) carriers.
creases greatly with respect to that of a naked carrier; there-

fore, a magnetic polaron has a lower mobility and a higher We thank Associate Professor Yunhua Xu for the ESR
activated energg®2® measurements. This work was supported by the National
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place atT2"™®. Magnetic polarons will be delocalized from Acadamia Sinica, People’s Republic of China, as well as the
the self-trapped state and turn into naked carriers completelResearch Fund for the Doctoral Program of Higher Educa-
in an ideal ferrimagnetic ordéP:?” As a consequence, the tion.
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